Phases in transition-metal dichalcogenides
The three phases of semiconducting transition-metal dichalcogenides (TMDs) are shown in Figure 1 . 1 -6 The thermodynamically stable 2H phase in TMDs is semiconducting and is the trigonal prismatic structure shown in Figure 1a . It is referred to as the 2H phase because the unit cell extends into two basal planes. This convention is also used for monolayered TMDs. The octahedral metal-ion coordinated 1T phase is metallic and is not found in naturally formed minerals because it is recognized as being unstable ( Figure 1b ) . The 1T ′ phase is a distorted version of the 1T phase ( Figure 1c ). An additional 3R phase is found only in bulk compounds and relaxes to the 2H phase upon mild heating. 7 Theoretical calculations have indicated that the 1T phase is inherently unstable and cannot be realized, whereas the 1T ′ and 2H phases are stable. 8 , 9 Experimentally, however, it has been found that the 1T ′ phase is the least stable and relaxes to the 1T phase that, in turn, relaxes to the most stable 2H confi guration (see atomic resolution transmission electron microscopy images in Figure 1e-g ). 4 The 1T phase was realized several decades ago in alkali-metal (Li and K) intercalated TMDs. 1 , 2 , 10 , 11 Intercalation of TMDs leads to large expansion of the interlayer spacing such that solvation and reduction of intercalants lead to exfoliation into individual layers. 2 , 3 , 10 , 12 -14 These monolayered nanosheets are composed of a large fraction of the 1T phase. 5 , 15 The conversion of the 2H phase to the 1T phase during intercalation is attributed to charge transfer from the alkali atoms to the nanosheets. This additional charge results in density of states at the Fermi level, rendering the material metallic. More specifi cally, crystal mean fi eld theory shows that the 2H phase of TMDs such as MoS 2 is semiconducting because of symmetry-induced splitting of the Mo Complex metal TMDs assume the 1T phase where the transition-metal atom coordination is octahedral. The 2H phase is stable in semiconducting TMDs where the coordination of metal atoms is trigonal prismatic. Stability issues have hampered the study of interesting phenomena in two-dimensional 1T phase TMDs. Phase conversion in TMDs involves transformation by chemistry at room temperature and pressure. It is possible to convert 2H phase 2D TMDs to the 1T phase or locally pattern the 1T phase on the 2H phase. The chemically converted 1T phase 2D TMDs exhibit interesting properties that are being exploited for catalysis, source and drain electrodes in fi eld-effect transistors, and energy storage. We summarize the key properties of 2D 1T phase TMDs and their applications as electrodes for energy and electronics.
In addition to alkali doping via intercalation, substitutional doping with elements with a higher number of valence electrons (e.g., Re, Mn) than transition-metal ions in TMDs can also lead to formation of the 1T phase. 18 Phase transformations have been induced and monitored in real time using transmission electron microscopy. 19 , 20 Suenega et al. 19 showed that under appropriate irradiation conditions, it was possible to reversibly induce the 2H, 1T, and 1T ′ phases in MoS 2 in a transmission electron microscope. Hot electron injection into MoS 2 nanosheets using plasmon resonance from gold nanoparticles has also claimed to induce reversible phase transformations. 21 Reed et al. have theoretically demonstrated that strain and strain engineering are important variables in phase transformations of TMDs. 22 Although additional electrons from dopants are required for transformation from the 2H to the 1T phase, the presence of such impurities is undesirable. 19 The removal of dopants should destabilize the 1T phase. In lithium intercalated TMDs (e.g., Li x MoS 2 ), butyl lithium is used. The organic butyl and Li ions can be removed from the MoS 2 nanosheets by carefully washing with hexane and water. 15 , 23 Surprisingly, the 1T phase remains after removal of the organic and alkali impurities. 4 "Dry" fi lms of the chemically pure 1T phase TMDs in both multi-and monolayered forms have been demonstrated. 5 The stability of these fi lms is attributed to the presence of protons or other immobile, positively charged ions on the surface of the nanosheets that counter the additional electronic charge donated by the dopants. The presence of adsorbed, positively charged counter ions on nanosheets is supported by the fact that the 1T phase relaxes to the 2H phase upon annealing to ∼ 300°C in a controlled environment. 5 , 15 The ability to controllably induce different phases of the TMDs has led to both fundamental 4 , 6 and technologically relevant 15 , 23 -25 research aimed at exploiting the unique properties of the phases. Recently, it was discovered that the 1T ′ phase has unique topological properties that make it applicable for studying novel condensed matter phenomena such as superconductivity. 26 , 27 The metallic 1T phase is interesting, because it provides high conductivity for charge transfer in electrochemical processes such as catalysis and energy storage. 15 , 25 , 28 -31 The ability to locally engineer the various different phases also allows for patterning heterostructures for electronics. We review some recent work on using TMDs as electrodes in electronics, for electrochemical charge storage, and catalysis. We highlight recent advances and demonstrate how phase engineering can be utilized for improving the performance of devices incorporating 2D TMDs.
Two-dimensional TMDs for energy storage
Layered TMD materials were fi rst investigated for energy storage applications in the 1970s 32 , 33 but were abandoned due to their poor stability. More recently, electrodes made from restacked TMD nanosheets have gained interest. 34 -38 The restacked nanosheets consist of exfoliated nanosheets assembled in the form of thin fi lms. Such fi lms expand and contract and allow ions to diffuse in and out of the layered structure. Drexel University scientists recently discovered an entirely new family of 2D materials-early transition-metal carbides and carbonitrides called MXenes. 39 -43 These materials are chemically exfoliated from the MAX phases, which are a large family (in excess of 60 members) of hexagonal layered ternary transitionmetal carbides and/or nitrides with composition of M n +1 AX n , where M stands for an early transition metal (such as Ti, V, Cr, Nb), A stands for a group A element (such as Al, Si, Sn, In), X stands for carbon and/or nitrogen, and n = 1, 2, or 3. Selective etching of the A-group element from a MAX phase results in the formation of 2D M n +1 X n layers, labeled "MXene." Very large volumetric capacitance values in excess of 900 F•cm -3 have been achieved in MXenes, 39 , 44 partially because they are highly conducting and hydrophilic.
In the case of 2D TMDs, the electrical conductivity of the 2H phase is too low for good electrodes. 45 , 46 Strategies for overcoming the electrical conductivity issue in TMDs for electrochemical charge storage include forming composites with conducting reduced graphene oxide (rGO). 47 , 48 Layer-bylayer stacked heterostructures of rGO and 2D TMDs are being increasingly exploited for energy applications in batteries and supercapacitors ( Figure 2 ). 37 , 38 , 49 -51 On their own, most 2D TMDs have the ability to store Li + at higher capacities than graphene-based anodes; however, they are chemically unstable when charged electrically and exhibit poor rate performance (i.e., poor capacitance at high charge/ discharge rates) and cycle performance (i.e., poor stability of the electrodes). 52 Besides intercalation, there are potential conversion and oxidation reactions, which must be controlled to allow stable and high rate cycling. When cast in the form of a composite with rGO, synergetic interactions with rGO have been shown to mitigate the inherent instability. Besides acting as a conductive additive, rGO sheets play the role of a scaffolding material preventing direct stacking of the 2D TMDs, thus allowing for an expanded interlayer distance that buffers against volume swings during charge and discharge. 53 The emerging large-scale battery market demands low-cost and high-power or high-energy density materials. The niche market for 2D TMDs as energy storage materials may be in alternative anode materials in systems such as the sodium-ion battery, which is attractive because of its low cost and natural abundance. Most negative electrodes in sodium-ion batteries use materials that undergo an alloying reaction with sodium. The advantage of the vertically stacked 2D TMD structures is that its weak interlayer bonding buffers against volume swings during charge and discharge cycles.
Molybdenum disulfi de can be a good storage medium for sodium ions, based on a combination of intercalation and a conversion-type reaction. 36 , 51 , 54 Theoretical calculations reveal moderately strong binding between Na and MoS 2 that is thermodynamically favorable against cluster formation and phase separation of Na. Thanks to the lower binding energy between Na and MoS 2 , Na atoms prefer to intercalate in the gap between the MoS 2 layers rather than aggregating in the form of clusters. Intercalation of Na in MoS 2 gives rise to a maximum theoretical capacity of 146 mAh•g −1 and a low average electrode potential in the range of 0.75-1.25 V. 55 If the storage mechanism is based only on intercalation/deintercalation, the obtainable capacity is not impressive. Electrochemical studies reveal, however, that when further discharged to lower voltage (0.01 V), a high capacity reversible conversion reaction can be accessed.
Wang et al. tested an exfoliated MoS 2 -C composite prepared via chemical exfoliation and hydrothermal reaction (hydrothermal reaction is a synthesis method to produce nanomaterials and crystals from an aqueous solution using high pressure and high temperature); a high capacity of 400 mA h•g −1 at 0.25 C (100 mA g −1 ) was maintained over prolonged cycling life. 56 Outstanding rate capability was also achieved with a capacity of 290 mAh•g −1 at 5 C. The discharge/charge profi le of the composite shows voltage hysteresis and slope characteristics that are typical of a conversion reaction. Three plateaus are observed in the galvanostatic discharge, at 0.9 V, 0.73 V, and 0.1 V. The fi rst strongly pronounced plateau at 0.9 V is indicative of the formation of Na x MoS 2 ; the plateau at 0.73 V is related to further Na ion reaction with MoS 2 ; and the long 0.1 V plateau should be related to the reduction of Mo 4+ to Mo metal, accompanied by the formation of Na 2 S nanoparticles. The advantage of 2D TMDCs is their ability to be stacked readily to form a paper-like membrane, thus enabling application in fl exible batteries. A large-area composite paper (see Figure 2 ) comprising acid-treated layered MoS 2 and chemically modifi ed graphene in an interleaved structure offers a stable charge capacity of 230 mAh•g -1 and allows room temperature operation, as opposed to most sodium battery materials that can only operate at temperature T > 300°C. 57 The interleaved and porous structure of the paper electrode offers smooth channels for sodium to diffuse in and out as the cell is charged and discharged quickly. 51 Flexible supercapacitors are very promising emerging energy storage devices and of great interest, owing to their high-power density with improved mechanical behavior and making them suitable as power backups for future stretchable electronics. Recently, there has been substantial interest in improving the conductivity of 2D TMDs by introducing the 1T phase. Although much of this work is preliminary, 1T phase electrodes made from restacked MoS 2 nanosheets have conductivity values comparable to those for rGO electrodes. 58 Recent results with VS 2 nanosheets, with its permeable scaffolds, metallic properties, and high oxidation state suggest that metallic 2D TMDs are particularly amenable to form supercapacitors with in-plane confi gurations. 59 A specifi c capacitance of 4760 μ F/cm 2 was realized here in an in-plane confi guration and a fi lm thickness of 150 nm, of which no obvious degradation was observed even after 1000 charge/discharge cycles. More recent results have shown that the metallic 1T phase electrodes of MoS 2 possess volumetric capacitance values in excess of 600 F-cm -3 along with energy and power densities comparable to the best performances of rGO electrodes.
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TMDs as catalysts for hydrogen evolution reaction
The fi rst report on the hydrogen evolution reaction (HER) activity of bulk MoS 2 was published in 1977. 60 Since the performance (an onset potential −0.09 V versus reversible hydrogen electrode [RHE] and a Tafel slope of 692 mV/dec) was not good, MoS 2 was considered to be an ineffi cient catalyst because of its large internal resistance. 60 , 61 Optimal onset potential and Tafel slope should be as low as possible. For example platinum has an onset potential of <20 mV and a Tafel of 30 mV/dec. However, density functional theory calculations by Hinnemann et al. attracted interest because they showed that the free energy of H adsorption on MoS 2 edge sites was close to that on both hydrogenase and Pt. 62 Thus, the edges of MoS 2 were considered as active sites in catalysis for H 2 evolution. This was experimentally proven by Chorkendorff et al. using MoS 2 nanoparticles grown on Au (111), which showed high catalytic activity with an onset potential of −0.15 V versus RHE and a Tafel slope of 55-60 mV/dec. 63 Since then, several approaches to improve the performance of HER have been explored. The fi rst approach is to enhance the intrinsic catalytic activity of TMDs. An example of this is doping MoS 2 with Co. 64 , 65 The second approach is to increase the number of active sites of the catalyst by controlling the surface properties of MoS 2 . In some studies, the surface structure of MoS 2 was engineered to preferentially expose edge sites.
66 -68 Jaramillo et al. synthesized a highly ordered doublegyroid MoS 2 bicontinuous network with nanoscale pores ( Figure 3 a) . 66 The basal plane of MoS 2 , which has a limited number of active sites, can be overcome by changing the surface structure. This catalyst showed excellent HER activity, with an onset potential of −0.2 to −0.15 V versus RHE and a Tafel slope of 50 mV/dec. Alternatively, MoS 2 and MoSe 2 fi lms can be prepared with vertically aligned layers that expose the edges on the fi lm surface. 67 The third approach is to increase electron transport from the active sites to the electrode. Graphene-based TMD hybrids have demonstrated increased HER activity thanks to their high surface area and good electrical conductivity. 69 -72 Dai et al. reported the synthesis of MoS 2 nanoparticles on rGO sheets, which exhibited high HER activity with a small over-potential of ∼ −0.1 V, and a Tafel slope as small as 41 mV/dec because of MoS 2 particles with an abundance of catalytic edge sites and an interconnected conducting network of rGO-induced effi cient hydrogen evolution. 69 Similarly, Liu et al. synthesized MoS 2 nanoparticles on mesoporous graphene foams (MoS 2 / MGFs) combining high specifi c surface area and an interconnected conductive graphene skeleton. 70 The MoS 2 /MGF hybrid exhibited excellent electrocatalytic activity for HER with a Tafel slope of 42 mV/dec.
Merki et al. also hypothesized that the edge activity is related to the unsaturated S atom. 73 Amorphous MoS 2 has defects and unsaturated S atoms, which can contribute to the evolution of H 2 . 73 , 74 Hu et al. reported that amorphous MoS 3 has more unsaturated S atoms than crystalline MoS 2 . 74 The amorphous MoS 3 particles exhibited highly electrocatalytic HER with a Tafel slope of 41 mV/dec. They claimed that the unsaturated S atoms in amorphous MoS 3 can form S-H bonds that facilitate H 2 evolution. Recently, Li et al. grew graphene on a 3D Ni foam, and then synthesized MoS 2 on the surface through thermolysis of (NH 4 ) 2 MoS 4 at 100-300°C. 75 Interestingly, the amorphous MoS x obtained at lower growth temperatures of 120°C showed the best electrocatalytic activity with an onset potential of −0.141 to −0.109 V versus RHE and a Tafel slope of ∼ 43 mV/dec. They explained that the higher HER activity was related to the presence of bridging S 2 2-or apical S 2-in the amorphous state. The importance of crystallinity on the HER activity of MoS 2 and WS 2 has been investigated. 76 Note that amorphous MoS 2 on carbon cloth exhibited higher activity than crystalline MoS 2 , whereas WS 2 gave the opposite result. The exact reason for the higher activity of crystalline WS 2 as compared to amorphous WS 2 has not yet been determined.
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1T MoS 2 and WS 2 sheets for HER
Jin et al. reported a comparison of HER activities between 2H and 1T MoS 2 sheets. 28 Flower-like MoS 2 sheets with a high density of exposed edges were grown using chemical vapor deposition ( Figure 3b ) . 28 The as-grown 2H MoS 2 sheets were converted to 1T MoS 2 sheets by treating them in a n -butyllithium solution. The 1T MoS 2 sheets showed improved HER activity with a Tafel slope of 43 mV/dec, compared to the 2H MoS 2 sheets with a Tafel slope of 110 mV/dec. This is because the metallic 1T MoS 2 sheets exhibit a decreased charge-transfer resistance relative to the as-grown 2H MoS 2 .
Zhang et al. reported the catalytic activity of 1T phase MoS 2 sheets decorated with metal nanoparticles (Pt-, Pd-, and Ag-MoS 2 ) for HER. 77 The 1T phase MoS 2 and Pt decorated MoS 2 sheets showed a Tafel slope of 94 and 40 mV/dec, respectively. Chhowalla et al. studied the infl uence of strain in the 1T phase on the catalytic activity ( Figure 3c ) . 15 Chemically exfoliated WS 2 sheets have a high proportion of strained metallic 1T phase and thus show high HER performance with a Tafel slope of 60 mV/dec. 2H WS 2 shows poor HER activity; however, its hybrid form with rGO can be a promising catalyst because the WS 2 /rGO showed a low over-potential and a Tafel slope of 58 mV/dec.
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HER of pyrite TMDs
CoS 2 has been investigated as a promising HER catalyst. CoS 2 fi lms synthesized by gas-phase reactions showed an over-potential of −180 mV and a Tafel slope of 44.6 mV/dec. 78 , 79 CoS 2 micro-and nanowires have over-potentials of ∼ −100 mV and -70 mV, respectively, and Tafel slopes of 58 mV/dec and 51.6 mV/dec, respectively. 78 Recently, CoS 2 was synthesized on a large scale by adding GO of suffi cient quantity (at least 2 mg/mL) via the hydrothermal method. 80 The resulting CoS 2 / rGO hybrid exhibited high electrocatalytic activity with a Tafel slope of 48 mV/dec. In addition, the family of the pyrite phase, including NiS 2 , FeS 2 , and CoSe 2 , also exhibited high activity for HER ( Figure 3d ).
, 81 -83
Metallic 1T phase TMDs as electrodes in fi eldeff ect transistors
The fi nite and direct bandgap in single-layer TMDs make them particularly useful for logic devices. 84 -87 However, despite the fact that the effective masses of the conduction and valence band edges have been calculated to be rather symmetric (an electron effective mass ∼ 0.57 and a hole effective mass ∼ 0.66), the MoS 2 fi eld-effect transistors exhibit n -type characteristics due to large injection barriers for holes and impractically high contact resistance (k Ω ). 88 -90 Thus a major challenge in singlelayer TMD electronics is in the formation of Ohmic contacts to the individual layers. To this end, graphene has been used as an effective low barrier contact. 91 -93 However, the lack of work function matching leads to Schottky junctions at the contacts. One way to overcome this is to utilize the metallic 1T phase of TMDs for contacts. Chhowalla et al. recently demonstrated that the interface between the 2H and 1T phases is structurally coherent. 4 It has also been demonstrated that it is possible to convert the 2H nanosheets to the 1T phase with fi ne control and precision by exposing them to n -butyllithium or lithium boron hydride. Patterning of the 1T and 2H phases on the same TMD nanosheet allows the realization of lateral heterostructures such as those shown in Figure 4 that are useful for devices. 23 , 24 Using the 1T phase as the source and drain electrodes while keeping the 2H phase as the channel, it is possible to fabricate devices with contact resistance values of ∼ 200-300 Ω -μ m. 23 The low contact resistance facilitates charge injection and collection at the electrodes and improves the performance of the devices.
Conclusion
Exfoliated TMDs are interesting for both fundamental and technologically relevant research. In addition to their chemical versatility, the ability to engineer their phases is an additional variable that can be used to tune their properties. Phase engineering offers unique opportunities for studying and realizing novel phenomena in 2D TMDs.
